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Abstract We study infinite-server queues in which the arrival process is a Cox process
(or doubly stochastic Poisson process), of which the arrival rate is given by a shot-noise
process. A shot-noise rate emerges naturally in cases where the arrival rate tends to
exhibit sudden increases (or shots) at random epochs, after which the rate is inclined
to revert to lower values. Exponential decay of the shot noise is assumed, so that the
queueing systems are amenable to analysis. In particular, we perform transient analysis
on the number of jobs in the queue jointly with the value of the driving shot-noise
process. Additionally, we derive heavy-traffic asymptotics for the number of jobs in
the system by using a linear scaling of the shot intensity. First we focus on a one-
dimensional setting in which there is a single infinite-server queue, which we then
extend to a network setting.

Keywords Infinite-server queue - Stochastic arrival rate - Cox - Doubly stochastic
Poisson - Shot noise - Network - Functional central limit theorem - Heavy traffic
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1 Introduction

In the queueing literature, one has traditionally studied queues with Poisson input. The
Poisson assumption typically facilitates explicit analysis, but it does not always align
well with actual data; see, for example, [11] and references therein. More specifically,
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statistical studies show that in many practical situations, Poisson processes under-
estimate the variability of the queue’s input stream. This observation has motivated
research on queues fed by arrival processes that better capture the burstiness observed
in practice.

The extent to which burstiness takes place can be measured by the dispersion
index, i.e., the ratio of the variance of the number of arrivals in a given interval, and the
corresponding expected value. In arrival streams that display burstiness, the dispersion
index is larger than unity (as opposed to Poisson processes, for which it is equal to
unity), a phenomenon that is usually referred to as overdispersion. It is desirable
that the arrival process of the queueing model takes the observed overdispersion into
account. One way to achieve this is to make use of Cox processes, which are Poisson
processes, conditional on the stochastic time-dependent intensity. It is an immediate
consequence of the law of total variance that Cox processes do have a dispersion
index larger than unity. Therefore, this class of processes makes for a good candidate
to model overdispersed input processes.

In this paper we contribute to the development of queueing models fed by input
streams that exhibit overdispersion. We analyze infinite-server queues driven by a
particular Cox process, in which the rate is a (stochastic) shot-noise process.

The shot-noise process we use is one in which there are only upward jumps (or shots)
that arrive according to a homogeneous Poisson process. Furthermore, we employ an
exponential ‘response’ or ‘decay’ function, which encodes how quickly the process
will decline after a jump. In this case, the shot-noise process is a Markov process; see
[16, p. 393]. There are several variations on shot-noise processes; see, for example,
[10] for a comprehensive overview.

It is not a novel idea to use a shot-noise process as stochastic intensity. For instance,
in insurance mathematics, the authors of [5] use a shot-noise-driven Cox process to
model the claim count. They assume that disasters happen according to a Poisson
process, and each disaster can induce a cluster of arriving claims. The disaster corre-
sponds to a shot upwards in the claim intensity. As time passes, the claim intensity
process decreases, as more and more claims are settled.

Another example of shot-noise arrival processes is found in the famous paper [13],
where it is used to model the occurrences of earthquakes. The arrival process consid-
ered in [13] has one crucial difference with the one used in this paper: it makes use
of Hawkes processes [9], which do have a shot-noise structure, but have the special
feature that they are self-exciting. More specifically, in Hawkes processes, an arrival
induces a shot in the arrival rate, whereas in our shot-noise-driven Cox model these
shots are merely exogenous. The Hawkes process is less tractable than the shot-noise-
driven Cox process. A very recent effort to analyze -/ G /oo queues that are driven by
a Hawkes process has been made in [8], where a functional central limit theorem is
derived for the number of jobs in the system. In this model, obtaining explicit results
(in a non-asymptotic setting), as we are able to do in the shot-noise-driven Cox variant,
is still an open problem.

In order to successfully implement a theoretical model, it is crucial to have methods
to estimate its parameters from data. The shot-noise-driven Cox process is attractive
since it has this property. Statistical methods that filter the unobservable intensity pro-
cess, based on Markov Chain Monte Carlo (MCMC) techniques, have been developed;
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see [3] and references therein. By filtering, they refer to the estimation of the intensity
process in a given time interval, given a realized arrival process. Subsequently, given
this “filtered path’ of the intensity process, the parameters of the shot-noise process
can be estimated by a Monte Carlo version of the expectation maximization (EM)
method. Furthermore, the shot-noise-driven Cox process can also be easily simulated;
see, for example, the thinning procedure described in [12].

In this paper we study networks of infinite-server queues with shot-noise-driven Cox
input. We assume that the service times at a given node are i.i.d. samples from a general
distribution. The output of a queue is routed to a next queue, or leaves the network.
Infinite-server queues have the inherent advantage that jobs do not interfere with
one another, which considerably simplifies the analysis. Furthermore, infinite-server
systems are frequently used to produce approximations for corresponding finite-server
systems. In the network setting, we can model queueing systems that are driven by
correlated shot-noise arrival processes. With regards to applications, such a system
could, for example, represent the call centers of a fire department and police department
in the same town.

The contributions and organization of this paper are as follows. In this paper we
derive exact and asymptotic results. The main result of the exact analysis is Theo-
rem 4.6, where we find the joint Laplace transform of the numbers of jobs in the
queues of a feedforward network, jointly with the shot-noise-driven arrival rates. We
build up toward this result as follows. In Sect. 2 we introduce notation and we state
the important Lemma 2.1 that we repeatedly rely on. Then we derive exact results
for the single infinite-server queue with a shot-noise arrival rate in Sect. 3.1. Subse-
quently, in Sect. 3.2, we show that after an appropriate scaling the number of jobs
in the system satisfies a functional central limit theorem (Theorem 3.4); the limiting
process is an Ornstein—Uhlenbeck (OU) process driven by a superposition of a Brow-
nian motion and an integrated OU process. We then extend the theory to a network
setting in Sect. 4. Before we consider full-blown networks, we first consider a tan-
dem system consisting of an arbitrary number of infinite-server queues in Sect. 4.1.
Then it is argued in Sect. 4.2 that a feedforward network can be seen as a number of
tandem queues in parallel. We analyze two different ways in which dependency can
enter the system through the arrival process. Firstly, in Model (M1), parallel service
facilities are driven by a multidimensional shot-noise process in which the shots are
simultaneous (which includes the possibility that all shot-noise processes are equal).
Secondly, in Model (M2), we assume that there is one shot-noise arrival intensity
that generates simultaneous arrivals in all tandems. In Sect. 5 we finish with some
concluding remarks.

2 Notation and preliminaries

Let (2, F, {F:}/>0, P) be a probability space, in which the filtration {F;};>¢ is such
that A(-) is adapted to it. A shot-noise process is a process that has random jumps
at Poisson epochs, and a deterministic ‘response’ or ‘decay’ function, which governs
the behavior of the process. See [16, Section 8.7] for a brief account of shot-noise
processes. The shot noise that we use in this paper has the following representation:
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Fig. 1 Sample path of shot-noise process

number of arrivals

t

Fig.2 A realization of arrival process corresponding to the sample path of the arrival rate process in Fig. 1

Pg(t)
At) = A(0)e"" + Z Bje 1) 1)

i=1

where the B; > 0 are i.i.d. shots from a general distribution, the decay function is
exponential with rate » > 0, Pp is a homogeneous Poisson process with rate v, and
the epochs of the shots, that arrived before time ¢, are labeled 11, 12, .. ., tp,(r)-

As explained in the introduction, the shot-noise process serves as a stochastic arrival
rate to a queueing system. It is straightforward to simulate a shot-noise process; for an
illustration of a sample path, consider Fig. 1. Using the thinning method for nonhomo-
geneous Poisson processes [12], and using the sample path of Fig. 1 as the arrival rate,
one can generate a corresponding sample path for the arrival process, as is displayed
in Fig. 2. Typically, most arrivals occur shortly after peaks in the shot-noise process
in Fig. 1, as expected.

We write A (i.e., without argument) for a random variable with distribution equal to
that of lim;_, oo A (7). We now present well-known transient and stationary moments
of the shot-noise process, see Appendix 2 and, for example [16]: with B distributed
as B,

E B E B
EAG) = AQ)e™" + 222 (1 =), BEA=-22,
r r
E B2 E B2
Var A(f) = ~—2— (1 — 2", VarA = ————,
2r 2r
Cov(A(1), At 4 8)) = e~ Var A(1). )
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We remark that, for convenience, we throughout assume A (0) = 0. The results can
be readily extended to the case in which A (0) is a nonnegative random variable, at the
cost of a somewhat more cumbersome notation.

In the one-dimensional case, we denote B(s) = Ee™* B and in the multidimensional
case, where s = (s, 52, ..., S4), for some integer d > 2, now denotes a vector, we
write

Bs) = Ee 2i%ibi,

The following lemma will be important for the derivation of the joint transform of
A(t) and the number of jobs in system, in both single- and multi-node cases.

Lemma 2.1 Let A(-) be a shot-noise process. Let f : Rx R? — R be a function
which is piecewise continuous in its first argument, with at most a countable number
of discontinuities. Then it holds that

t
Eexp </ fu,2)A(w)du — sA(t))
0

t t
=exp v/ B (ser('“) — e”’/ fu,z2)e™ du) —1]dv
0 v

Proof See Appendix 1. O

3 A single infinite-server queue

In this section we study the Ms/G /oo queue. This is a single infinite-server queue,
of which the arrival process is a Cox process driven by the shot-noise process A(-),
as defined in Sect. 2. First we derive exact results in Sect. 3.1, where we find the
joint transform of the number of jobs in the system and the shot-noise rate, and derive
expressions for the expected value and variance. Subsequently, in Sect. 3.2, we derive
a functional central limit theorem for this model.

3.1 Exact analysis

We let J; be the service requirement of the i-th job, where Ji, J2, ... are assumed to
be i.i.d.; in the sequel J denotes a random variable that is equal in distribution to Jj.
Our first objective is to find the distribution of the number of jobs in the system at time
t, in the sequel denoted by N (¢). This can be found in several ways; because of the
appealing underlying intuition, we here provide an argument in which we approximate
the arrival rate on intervals of length A by a constant, and then let A | 0.

This procedure works as follows. We let A (1) = A(w, t) be an arbitrary sample path
of the driving shot-noise process. Given A(¢), the number of jobs that arrived in the
interval [kA, (k 4+ 1) A) and are still in the system at time ¢ has a Poisson distribution

@ Springer



306 Queueing Syst (2017) 86:301-325

with parameter P(J > t — (kA + AUy)) - AA(kKA) + o(A), where Uy, Uy, ... are
1.i.d. standard uniform random variables. Summing over & yields that the number of
jobs in the system at time ¢ has a Poisson distribution with parameter

t/A—1
> P >t — (kA + AUD)AAKA) + o(A),
k=0

which converges, as A | 0, to
t
/ P(J >t —u)A(u)du. 3)
0

The argument above is not new: a similar observation was mentioned in, for example
[6], for deterministic rate functions. Since A(-) is actually a stochastic process, we
conclude that the number of jobs has a mixed Poisson distribution, with the expression
in Eq. (3) as random parameter. As a consequence, we find by conditioning on F;,

E(t,z,s) = EZN(t)e—sA(t) —-F (e—sA(t) E (ZN(t) |E>)
t
= Eexp (/ (z—DPWJ >t —u)A(u)du — sA(t)) . 4)
0

We have found the following result.
Theorem 3.1 Let A(-) be a shot-noise process. Then

logé&(t, z, s)

t t
= v/ B <(1 —z)e’”/ P(J >t —u)e ™ du +se—’<’—”>> —1]dv. (5
0 v

Proof The result follows directly from Lemma 2.1 and Eq. (4). O

In Theorem 3.1 we found that N (¢) has a Poisson distribution with the random
parameter given in Eq. (3). This leads to the following expression for the expected
value:

t
]EN(t):/ EAWPWJ > t —u)du. (©6)
0

In addition, by the law of total variance we find
!
Var N(t) = Var / Aw)P(J >t —u)du
0
'
+E / AP >t —u)du]. @)
0
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The latter expression we can further evaluate, using an approximation argument that
resembles the one we used above. Using a Riemann sum approximation, we find

r t/A—1
Var /A(u)]P’(J>t—u)du = lim Var Z AGA)P(J >t —iA)A
0 440 i=0
t/A=1t/A—1
=21Airf(1) Z Z Cov(AGAYP(J >t —iA)A, AGA)P(J > 1 — jA)A)
i=0  j>i

t t
= 2/ / Cov(A(u), AW)PJ >t —u)P(J >t —v)dudv.
0 Jv

Assuming that u > v, we know that Cov(A (), A(v)) = e~"“~V Var A(v) (cf.
Lemma 4.7). We thus have that (7) equals

t 1
2/ / eI Var AP >t —w)P(J >t —v)dudv
0 Jou
t
+f EAw)P(J >t —u)du.
0
We can make this more explicit using the corresponding formulas in (2).
Example 3.2 (Exponential case) Consider the case in which J is exponentially dis-

tributed with mean 1/x and A(0) = 0. Then we can calculate the mean and variance
explicitly. For u # r,

EA
EN(I) = _hr,p.(t)a
7
where the function 4, (-) is defined by

w(l —e ™)y —r(l —e #)

PN e ifp #r,
1—e™ " —rte™"? ifu=r
For the variance, we thus find for ; # r
Var N(t)
VEBZ 7'2(1 _ 672,ut) 4 MZ(] _ ef2rt) 4 Mr(4eft(u+r) _ e72;u _ 672rt _ 2)
2r u(p —r)*(n+r)
+EN@),
and foru =r
VEBz —2rt —2rt
Var N = — (1 e (1 ri)e )+EN(t).
r
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3.2 Asymptotic analysis

This subsection focuses on deriving a functional central limit theorem (FCLT) for the
model under study, after having appropriately scaled the shot rate of the shot-noise
process. In the following, we assume that the service requirements are exponentially
distributed with rate u, and we point out how it can be generalized to a general
distribution in Remark 3.6 below. We follow the standard approach to derive the
FCLT for infinite-server queueing systems; we mimic the argumentation used in, for
example [1,14]. As the proof has a relatively large number of standard elements, we
restrict ourselves to the most important steps.

We apply a linear scaling to the shot rate of the shot-noise process, i.e., v > nv.
It is readily checked that under this scaling, the steady-state level of the shot-noise
process and the steady-state number of jobs in the queue blow up by a factor n. It is
our objective to prove that, after appropriate centering and normalization, the process
recording the number of jobs in the system converges to a Gaussian process.

In the n-th scaled model, the number of jobs in the system at time ¢, denoted by
N, (1), has the following (obvious) representation: with A, (¢) denoting the number of
arrivals in [0, ¢], and D, (¢) the number of departures,

Ny (t) = Nu(0) + An (1) — Dy (2). ®)

Here, A, () corresponds to a Cox process with a shot-noise-driven rate, and therefore
we have, with A, (s) the shot-noise in the scaled model at time s and S (-) a unit-rate

Poisson process,
t
Ap(t) = Sa /An(u)du ;
0

in line with our previous assumptions, we put A,(0) = 0. For our infinite-server
model the departures D, (¢) can be written as, with Sp(-) a unit-rate Poisson process

(independent of S4(-)),
t
D, (t) = Sp (f UN, (n) du) .
0

We start by identifying the average behavior of the process N, (¢). Following the rea-
soning of [1], assuming that N, (0)/n = p(0) (where ‘=’ denotes weak convergence),
N, (t)/n converges almost surely to the solution of

t t
p (1) =p(0)+/0 IEA(M)dM—fO pp (u) du. ©
This equation is solved by p(t) = E N(¢), with E N (¢) provided in Example 3.2.
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Now we move to the derivation of the FCLT. Following the approach used in [1], we
proceed by studying an FCLT for the input rate process. To this end, we first define

t
An () :=\/ﬁ<%An(t)—IEA(t)>; K, (1) :=/0 Au)du.

The following lemma states that K. () converges to an integrated Ornstein—
Uhlenbeck (OU) process, corresponding to an OU process A (-) with a speed of mean
reversion equal to r, long-run equilibrium level 0, and variance 0[2\ :=vE B?/(2r).

Lemma 3.3 Assume that for the shot sizes, distributed as B, it holds thatIE B, IE B? <
0. Then K,,(-) = K(-) as n — oo, where

t
K (1) =f Au) du, (10
0
in which A satisfies, with W1 (-) a standard Brownian motion,

t
At) = op Wi (1) —r/ Au)du. (1)
0

Proof This proof is standard; for instance from [2, Prop. 3], by putting the A4 in that
paper to zero, it follows that A 2 = A( ). This implies K )= K( ), using (10)
together with the continuous mapping theorem. O

Interestingly, the above result entails that the arrival rate process displays mean-
reverting behavior. This also holds for the job count process in standard infinite-server
queues. In other words, the job count process in the queueing system we are studying
can be considered as the composition of two mean-reverting processes. We make this
more precise in the following.

From now on we consider the following centered and normalized version of the
number of jobs in the system:

R 1
Nu(t) :==~/n <;Nn(t) - p(t)> :

We assume that ]\7,, 0 = N (0) as n — oo. To prove the FCLT, we rewri_te Nn (1)
in a conven_ient form. Mimicking the steps performed in [1] or [14], with S (¢) =
Sa(t) —t,Sp(t) == Sp(t) — 1,

t
Ry(t) := Sa ( / An(u>du> - Sp (u f l Nn(u>du) ,
0 0

and using the relation (9), we eventually obtain

No(t) = N(O)+R ()+K(t)— /tz\?(u)du
= N ; ,
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Our next goal is to apply the martingale FCLT to the martingales R, (1)/+/n; see, for
background on the martingale FCLT, for instance [7] and [17]. The quadratic variation

equals
R, 1 ! !
il =l ( /0 An<u>du>+sD (u /0 N,,(u)du) ,

which converges to fot EAu)du + p fot p(u)du. Appealing to the martingale FCLT,
the following FCLT is obtained.

Theorem 3.4 The centered and normalized version of the number of jobs in the queue
satisfies an FCLT: N, (-) = N () asn — 00, where N (t) solves the stochastic integral
equation

t t
B0 = 80+ [ VERG T rpl dwato + Koy = [ Hwdu
0 0
with W5 () a standard Brownian motion fhat is independent of the Brownian motion
W1(-) we introduced in the definition of K (-).

Remark 3.5 Inpassing, we have proven that the arrival process as such obeys an FCLT.
With

t
An(t) = ﬁ(%Anm —/0 EA(u)du),

we find that An (t) = A(t) as n — oo, where

t

Ay = f VEAG) + o @) dWa(u) + R (0)
0
t

_ /0 J2up ) + p' ) AW ) + R (1);

the last equality follows from the fact that p(-) satisfies (9).

Remark 3.6 The FCLT can be extended to non-exponential service requirements, by
making use of [15, Thm. 3.2]. Their approach relies on two assumptions:

e The arrival process should satisfy an FCLT;
e The service times are i.i.d. nonnegative random variables with a general c.d.f.
independent of the arrival process.

As noted in Remark 3.5, the first assumption is satisfied for the model in this paper.
The second assumption holds as well. In the non-exponential case, the results are less
clean; in general, the limiting process can be expressed in terms of a Kiefer process,
cf. for example [4].
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4 Networks

Now that the reader is familiar with the one-dimensional setting, we extend this to
networks. In this section, we focus on feedforward networks in which each node
corresponds to an infinite-server queue. Feedforward networks are defined as follows.

Definition 4.1 (feedforward network) Let G = (V, E) be adirected graph with nodes
V and edges E. The nodes represent infinite-server queues and the directed edges
between the facilities demonstrate how jobs move through the system. We suppose
that there are no cycles in G, i.e., there is no sequence of nodes, starting and ending at
the same node, with each two consecutive nodes adjacent to each other in the graph,
consistent with the orientation of the edges.

We focus on feedforward networks to keep the notation manageable. In Theo-
rem 4.6, we derive the transform of the numbers of jobs in all nodes, jointly with
the shot-noise process(es) for feedforward networks. Nonetheless, we provide Exam-
ple 4.5, to show that analysis is in fact possible if there is a loop, but at the expense of
more involved calculations.

Since all nodes represent infinite-server queues, one can see that whenever a node
has multiple input streams, it is equivalent to multiple infinite-server queues that work
independently from each other, but have the same service speed and induce the same
service requirement for arriving jobs. Consider Fig. 3 for an illustration. The reason
why this holds is that different job streams move independently through the system,
without creating waiting times for others. Therefore, merging streams do not increase
the complexity of our network. The same holds for ‘splits’ in job streams. By this
we mean that after jobs finished their service at a server, they move to server i with
probability ¢; (with >, g¢; = 1). Then, one can simply sample the entire path that the
job will take through the system, at the arrival instance at its first server.

If one recognizes the above, then all feedforward networks reduce to parallel tandem
systems in which the first node in each tandem system is fed by external input. The
procedure to decompose a network into parallel tandems consists of finding all paths
between nodes in which jobs either enter or leave the system. Each of these paths will
subsequently be considered as a tandem queue, which are then set in parallel.

ONO
ONO

Fig.3 Since the jobs are not interfering with each other, the network on the left is equivalent to the graph on
the right. Node 3’ is a copy of node 3: It works at the same speed and induces the same service requirements
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To build up to the main result, we first study tandem systems in Sect. 4.1. Subse-
quently, we put the tandem systems in parallel in Sect. 4.2 and finally we present the
main theorem and some implications in Sect. 4.3.

4.1 Tandem systems

As announced, we proceed by studying tandem systems. In Sect. 4.2 below, we study
d parallel tandem systems. In this subsection, we consider the i -th of these tandem
systems, where i = 1,...,d.

Suppose that tandem i has S; service facilities and the input process at the first
node is Poisson, with a shot-noise arrival rate A;(-). We assume that jobs enter node
i1. When they finish service, they enter node i2, etc., until they enter node i S; after
which they leave the system. We use ij as a subscript referring to node j in tandem
system i and we refer to the node as node ij. Hence N;;(¢) and J;; denote the number
of jobs in node i at time ¢, and a copy of a service requirement, respectively, where
j=1,...,8.

Fix some time ¢ > 0. Again we derive results by splitting time into intervals of
length A. Denote by M;;(k, A) the number of jobs present in node ij at time ¢ that
have entered node i 1 between time kA and (k + 1) A; as we keep ¢ fixed we suppress it
in our notation. Because jobs are not interfering with each other in the infinite-server
realm, we can decompose the transform of interest:

t/A—1 Si

Si

Nij@o | . Mij(k,A)

E|[]z; _k% El]]z; . (12)
j=1 k=0 =1

Supposing that the arrival rate is a deterministic function of time A; (-), by conditioning
on the number of arrivals in the k-th interval,

Si 00

M;j(k,A) —i(kA)A (Ai(kA)A)Y™ m

E l_[lzij’ 22)6 ( )T(f,-(kA,z))
Jj= m=

= exp (AL (kD) (fi kA, ) = 1),

where

Si
filu,2) = pi) + Y zij pij(w), (13)

j=1

in which p; (u) (p;j(u), respectively) denotes the probability that the job that entered
tandem i at time u has already left the tandem (is in node j, respectively) at time ¢.
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Note that
Si
pitu) =P Jiu<t—ul,
=1
Jj—1 J
pijw) =P > Ju<t—u Y Ju>t—ul. (14)
=1 =1

Recognizing a Riemann sum and letting A | 0, we conclude that Eq. (12) takes the
following form:

Si ;
E l_[ zfju(f) = exp (/ Aiu)(fi(u, 2) — 1)du> .
Jj=1 0
In case of a stochastic rate process A;(-), we obtain
N f
ij
E Hzijj Ai() | =exp </ Ai(u)(f,'(u,z)—l)du),
j=1 0
Therefore, it holds that

Si Si
Ny®) s, Ny(® s,
E|[]a e ) =B B[ [T e A0
j=1 j=1

Si
=E|MNOE l_[zgij(t) AL

j=1

and we consequently find

Si '
E (] "e%® ]| =Eexp ([ Ar@)(fi G, 2) — 1) du —sAi(t)>. (15)
0

j=1

4.2 Parallel (tandem) systems

Now that the tandem case has been analyzed, the next step is to put the tandem systems
as described in Sect. 4.1 in parallel. We assume that there are d parallel tandems. There
are different ways in which dependence between the parallel systems can be created.
Two relevant models are listed below, and illustrated in Fig. 4.
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\, ——[Tondem 1}—

| A—
Ay ——{Tandem 2}—

Fig. 4 Model (M1) is illustrated on the left, and Model (M2) is illustrated on the right. The rectangles
represent tandem systems, which consist of an arbitrary number of nodes in series

(M1) Let A = A(-) be a d-dimensional shot-noise process (A1, ..., Ag) where the
shots in all A; occur simultaneously (the shot distributions and decay rates may
be different). The process A;, fori =1, ..., d, corresponds to the arrival rate
of tandem system i. Each tandem system has an arrival process, in which the
Cox processes are independent given their shot-noise arrival rates.

(M2) Let A = A(-) be the shot-noise rate of a Cox process. The corresponding
Poisson process generates simultaneous arrivals in all tandems.

Remark 4.2 The model in which there is essentially one shot-noise process that gen-
erates arrivals for all queues independently is a special case of Model (M1). This can
be seen by setting all components of A = (Ay, ..., Ag) equal, by letting the shots
and decay rate be identical.

In Model (M1), correlation between the shot-noise arrival rates induces correlation
between the numbers of jobs in the different queues. In Model (M2), correlation
clearly appears because all tandem systems have the same input process. Of course,
the tandem systems will not behave identically because the jobs may have different
service requirements. In short, correlation across different tandems in Model (M1)
is due to linked arrival rates, and correlation in Model (M2) is due to simultaneous
arrival epochs. We feel that both versions are relevant, depending on the application,
and hence we analyze both.

Analysis of (M1)— Suppose that the dependency is of the type as in Model (M1).
This means that the shots, in each component of A, occur simultaneously. Recall the
definition of f; as stated in Eq. (13). It holds that

Si

l_[e S[A(t)l—[ Nl,(t) . HE HZN,,(t) —siAi (1) A ()

i=1 j=1

d Si
) 1—[ oSihiD R Hzl{\]{u(z) AC)

i=l1 j=1

d !
exp (Z (/0 Aj(u)(fi(u,z) — 1) du — SiAi(f)>) ,

i=1
(16)
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where the last equality holds due to (15).

Analysis of (M2)— Now suppose that the dependency in this model is of type (M2),
i.e., there is one shot-noise process that generates simultaneous arrivals in the parallel
tandem systems.

First we assume a deterministic arrival rate function A(-). Let M;;(k, A) be the
number of jobs present in tandem system i at node j at time ¢ that have arrived in the
system between kA and (k + 1) A. Note that

/A1

1—[1—[ N,/(t) _IAIIJ(I) 1—[1—[ M,j(kA)

i=l1j=1 i=l1j=1

To further evaluate the right-hand side of the previous display, we observe that we can
write

d s
AkA)A
B l—ll—[ZMu(k A Z —rkaya A ) " (FA, )" = eAHEAF KA1,
i=1j=1 m=0
where
Sj+1
flu.z) = Z > bty l_[Zzz,, (17)
j=1¢;=1

in this definition py,,.. ¢, = pe,.....¢, (1) equals the probability that a job that arrived
at time u in tandem i is 1n node ¢; attime ¢ [cf. Eq. (14)]. The situation that ¢; = S; + 1
means that the job left the tandem system; we define z; 5,41 = 1.

In a similar fashion as before, we conclude that

d S t
]‘[]‘[ Nij®) p=s2®) | — Bexp (/ A(u)(f(u,z)—l)du—sA(t)), (18)
i=1 j=1 0

with f defined in Eq. (17).

Example 4.3 (Two-node parallel system) In the case of a parallel system of two
infinite-server queues, f(u, z) simplifies to

2 2

fu,z11,221) = Z Z 210,220, Pty 6, = 211221 P11 + 221 P21 + 211 P12 + P22-
l1=14£,=1

Remark 4.4 (Routing) Consider a feedforward network with routing. As argued in
the beginning of this section, the network can be decomposed as a parallel tandem
system. In case there is splitting at some point, then one decomposes the network as a
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parallel system, in which each tandem i receives the job with probability ¢;, such that
> qi = 1. This can be incorporated simply by adjusting the probabilities contained
in f; in Eq. (16), which are given in Eq. (14), so that they include the event that the
job joined the tandem under consideration. For instance, the expression for p;(«) in
the left equation in (14) would become

Si
P(QZi,ZJM <t—u>,
=1

where Q is a random variable with a generalized Bernoulli (also called ‘categorical’)
distribution, where

P(job is assigned to tandem i) = P(Q =i) =¢;, fori=1,...d,

with > g; = 1; the right equation in (14) is adjusted similarly. Other than that the
analysis is the same for the case of splits.

Remark 4.5 (Networks with loops) So far we have only considered feedforward
networks. Networks with loops can be analyzed as well, but the notation becomes
quite cumbersome. To show the method in by which networks with loops and routing
can be analyzed, we consider a specific example. Suppose that arrivals enter node one,
after which they enter node two. After they have been served in node two, they go
back to node one with probability 1, or leave the system with probability 1 — . In this
case, with similar techniques as before, we can find

t
Ez" 0220 = exp ( / A)(f (u,21,22) = 1)du) :
0
with
2
f(u, z1, z2) = P(job(u) left system) + Zz,- P(job(u) is in node i),
i=1
in which job(u) is the job that arrived at time u and we are examining the system at

time 7. Now, if we denote service times in the j-th node by J/), then, at a specific
time ¢,

o0 k+1
P(job(u) leftsystem) = Y P [ S (" + 1) <t —u | yf (1 = .
k=0 i=1

Analogously, P(job(u)is in node 1) equals, by conditioning on the job having taken
k loops,
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Yooke [+ (J,.‘” + Jl@) >t—uy. <Ji(l) N Jl_<2>> —r—ul:
k=0 i=1 i=1

likewise, P(job(u)is in node 2) equals

k+1

00 k
BT DOICLRT) TN ol FUNL) P
k=0 i=1

i=1

For example, in the case where all Ji('/ ) are independent and exponentially distributed

with mean 1/u, we can calculate those probabilities explicitly. Indeed, if we denote
by Y a Poisson process with rate p, then, for example

k+1 k
P Z (Ji(l) + Jl.(z)) >t—u, Jk(i-)l + Z (J,.(l) + Jl-(z)) <t—u
i=l i=l1

=PY(t—u)=2k+1)

_ on— (1 = )
2k + 1!

and thus

o 2m+1
r —
P(job(u)is in node 2) = E yMe M=) (“((2 ”))1)‘
m + .

m=0

A similar calculation can be done for the probability that the job is in node one.
Recalling that a sum of exponentials has a Gamma distribution, we can write

fu,z1.22) =21 Zn" S G P an iy (R =2

@m)! @m + 1!
m=0
o0

+ Y 0" = Framia,un —u)
m=0

e—n(t—u)

= z1e *7" cosh (it —w) + 2p——— 7

e8]

+ A= Y 0" Fremto,umt —w,
m=0

sinh (;Lf(l — u))

where Fr 2,42, denotes the distribution function of a I'-distributed random variable
with rate  and shape parameter 2m + 2.
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4.3 Main result

In this subsection, we summarize and conclude with the following main result. Recall
Definition 4.1 of a feedforward network. In the beginning of Sect. 4 we argued that we
can decompose a feedforward network into parallel tandems. In Sect. 4.2 we studied
exactly those systems, leading up to the following results.

Theorem 4.6 Suppose we have afeedforwardnetwork of infinite-server queues, where
the input process is a Poisson process with shot-noise arrival rate. Then the network
can be decomposed into parallel tandem systems. In Model (M1), it holds that

E

d i d
1=

S, t
l_[ Zf\;ij(t)e—SAi(t) = Eexp (Z (/ A (u)(fi(u,z) — 1)du — S,'A,'(t)))
. 0

' i=1

t
= exp (v /O (B(g(s,v) = 1) dv) :

with f;(-,-) as defined in Eq. (13) and where g(s, v) is a vector-valued function in
which component i is given by

1j=1

t
sie i) er""/ (fi(u,z) — De " du.
v

Furthermore, in Model (M2),

d S; ‘
E H Hzgij(t)e_SA(t) = Eexp (/(; Aw)(f(u,z) —1)du — sA(t))

i=1j=1

t t
= exp v/ B <se—’<’—”) —e’v/ (f(u,z) — De™™ du) —1|dv ],
0 v

with f(-,-) as defined in Eq. (17).

Proof These are Eqgs. (16) and (18) to which we applied Lemma 2.1. O
Next we calculate covariances between nodes in tandem and parallel thereafter.
Covariance in Tandem System— Consider a tandem system consisting of two nodes
and we want to analyze the covariance between the number of jobs in the nodes.

Dropping the index of the tandem system, denote by N;(-) and N> (-) the number of
jobs in nodes 1 and 2, respectively. Using Eq. (16), differentiation yields

t
E N>(t) =/ Py <t—u, J1+J>t—u)EA()du
0

@ Springer



Queueing Syst (2017) 86:301-325 319

and

E Ny (t)Na2(1)
t

t
=E</ P(Ji <t—u,J1 + >t—u)A(u)du/ P(J; >t—v)A(v)dv>
0 0

so that
Cov(N (1), Na(t))

t t
= Cov </ PJi<t—u,J1+Jh>t—u)Au) du,/ P(J; >t —v)A(v) dv)
0 0
t pt
= 2/ / Py <t—u, i+ >t—u)P(J; >t —v)Cov(A(u), A(v))dudv
0 Ju

t t
=2/ / Py <t—u, i +J>t—u)P(J; >t —v)e " ® ) Var A(v) du dv,
0 Ju

cf. Eq. (2) for the last equality.

Covariance parallel (M1)— Consider a parallel system consisting of two nodes only.
In order to study covariance in the parallel (M1) case, we need a result about the
covariance of the corresponding shot-noise process.

Lemma 4.7 Let A1(-), A2(-) be shot-noise processes of which the jumps occur simul-
taneously according to a Poisson arrival process with rate v. Let the decay be
exponential with rate r1, ra, respectively. Then it holds that, for 6 > 0,

Cov(A (1), Aa(t +8)) = e Cov(A|(1), Aa(1))
_ s E B11 B2

1 — ety 19
re+n ( ) (19

which, in the case A1 = Ay, reduces to

Cov(A; (1), Ai(t +8)) = e "® Var A; (), fori=1,2,
corresponding to [16, p. 394] and Eq. (2).
Proof See Appendix 2. O
By making use of Eq. (16), we find

t

t
EN{(t)N2(t) = E (/ A(w)P(J; >t —u) du/ Ary(V)P(Jy >t —v) dv) .
0 0
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This implies
t t
Cov(N| (1), Na(t)) = Cov (/ Aw)P(J >t —u)du, / A (W)P(Jy >t —v) dv)

= 2/ / Cov(Ai(u), Ao(W)P(Jy >t —u)P(Jp >t —v)dudv

= 2/ / UEB“BH - ef(rﬁrz)”) e WP st — w)P(Jy > ¢ — v)dudv,
ry+nr

where we made use of the fact that, for u > v,

E BB
Cov(A|(u), Ar(v)) = L= 21212 (1 _ e—(r1+r2)v) o—r2(u=0),
r+nr

cf. Lemma 4.7.

Covariance parallel (M2)— Extracting the mixed moment from the transform in
Eq. (18), we derive directly that

t
ENi(t)N>(t) = E (/ AwPJ >t —u, o >t —u) du)
0
1 1
+ E (/ Aw)P(J; >t —u)du/ Aw)P(Jr >t —u)du) .
0 0
This implies

t t
Cov(N (1), No(t)) = Cov (/ Aw)P(Jy >t —u) du,/ AWw)P(Jr >t —u) du)
0 0
t
+ / EAPJ; >t —u,Jp >t —u)du.
0

The following proposition compares the correlations present in Model (M 1) and (M2).
In the proposition, we refer to the number of jobs in queue j in Model (Mi) at time
t as NJ(.’) (1), fori = 1, 2. We find the anticipated result that the correlation in Model
(M2) is stronger than in Model (M1).

Proposition 4.8 Let A(-) be the shot-noise process that generates simultaneous
arrivals in both queues and let A1(-), A2(-) be processes that have simultaneous

Jjumps and generate arrivals in both queues independently. Suppose that A1(t) 4
Ao (1) 4 A(t), fort > 0. Then, for any t > 0,

Corr (Nl(l)(t), Né”(t)) < Corr (Nl(z)(t), Nz(z)(t)> .
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Proof Because of the assumption A1 (¢) 4 Ao () 4 A(t), we have that, for all com-

binations i, j € {1, 2}, the Nl.(j )(t) are equal in distribution. Therefore, it is sufficient
to show that

Cov (Nl(l)(t), Nz(l)(t)) < Cov (Nl@) ). N? (t)) .

The expressions for the covariances, which are derived earlier in this section, imply
that

Cov (Nl(z) 1), N2(2) (t)) — Cov (Nl(l)(t), Nz(l)(t)>

t
=IE/ APy >t —u,Jp >t —u)du,
0
which is nonnegative, as desired. O

5 Concluding remarks

We have considered networks of infinite-server queues with shot-noise-driven Coxian
input processes. For the single queue, we found explicit expressions for the Laplace
transform of the joint distribution of the number of jobs and the driving shot-noise
arrival rate, as well as a functional central limit theorem of the number of jobs in
the system under a particular scaling. The results were then extended to a network
context: we derived an expression for the joint transform of the numbers of jobs in the
individual queues, jointly with the values of the driving shot-noise processes.

We included the functional central limit theorem for the single queue, but it is
anticipated that a similar setup carries over to the network context, albeit at the expense
of considerably more involved notation. Our future research will include the study of
the departure process of a single queue; the output stream should remain Coxian, but
of another type than the input process.
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Appendix 1: Proof of Lemma 2.1

There are various ways to prove this result; we here include a procedure that intensively
relies on the probabilistic properties of the shot-noise process involved. Observe that,
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recognizing a Riemann sum,

t/A

/ Fu, 2)Au) du = hmAZf(kA 2AKA). (20)

With Pp(t) a Poisson process with rate v and the U; i.i.d. samples from a uniform
distribution on [0, 1], it holds that

Pp(LA)

A(kA) Z Z Bie_rAUie_r(k_z)A.

0=1i=Pg((t=1)A)+1

We thus obtain that the expression in (20) equals (where the equality follows by
interchanging the order of the summations)

t/A Pp(LA)

hm A Z fkA, z) Z Z Bje " AU g1 k=0A

(=1i=Pg((L—1)A)+1

t/A Pg(LA) t/A
T . ,—TAU; —r(k—£)A
=lmad. D0 B kA e ,
0=1i=Pg(({—1)A)+1 k=t

which behaves as

t/A Pp(LA)

t
lim P / f(u,z)e”™ du Z Bie AU
(A

ALO .
=1 i=Pg((t—1)A)+1
Furthermore, we have the representation
t/A Pg(LA)

A(t) = hm Z Z Bje"(—tA+AUD.

0 D= P((t—1)A)+1

We conclude that E zV® =520 equals

/A Ps(A) ;
hm Eexp Z Z B; (e_rAU" e’M/ fu,z)e”"™ du — se_’('_EM'AU")) .
A

L=1i=Pp((t—1)A)+1

2n

Conditioning on the values of Pg({A) — Pp(({ —1)A),forl =1, ...,¢/A, and using
that the B; are i.i.d., we find that the expression in Eq. (21)) is equal to the limit, as
A | 0, of the following expression
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ke

t
(vA) Eexp (31 (emu,- erEA/ Fl, 2)e " du — ser([£A+AU,-)))
A

t/A

I *”AZ

which, in the limit A | 0, equals

/A

t
l_[ e VA exp | vAEexp (B] (e_rAU" A / fu,2)e "™ du — se_r(t_ZAJ"AU")))
LA

=1

which can be written as

t/A

t
lAli% eXp UA Z ﬁ (Se—r(l—@A-FAUi) _ e—rAU,-erZA f(u, Z)e—ru dM) _ 1

LA

The lemma now follows from continuity of the exponent and the definition of the
Riemann integral.

Appendix 2: Proof of Lemma 4.7

Let Pp(-) be the Poisson process with rate v, corresponding to the occurrences of
shots, and let & 5(n) be the event that Pg(t 4+ ) — Pp(t) = n. By conditioning on the
number of shots in the interval (¢, t + §], we find

EA1(@) A2t +9) = ZE(Al(I)Az(I +9) [ &,5(n) P(Er5(n))
n=0

(5 )"

= ZE(Al(t)Az(t +38) & .5(n))
n=0

We proceed by rewriting the conditional expectation as

Lo
E(A10A2(1 +8) 1 E,5(m) = o f -~-/E(A1(I)A2(t+5)|fn ..... tn,8(n))dry ... dy,
t t

denoting by F;, ... ;,.s(n) the event & s(n) and the arrival epochs are f1, ..., t,,. Note
that we have, due to Eq. (1), conditional on F;, ., 5(n), the distributional equality

n
At +8) = Aa()e™ 4y " Bipe 20071, (22)
i=1
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and consequently

E (A1) A2t +8) | Fiy. ., 5(0))

n
=EAI(OA(0)e ™ + EA (1) Y E Bipe 00, (23)
i=1
Note that foralli =1, ..., n we have

1436 t+85t+6 !
e U qp i dpy L dty, = — (1 — e 288" (24)

)

t t t

After unconditioning Eq. (23) with respect to the arrival epochs by integrating over
all #; from ¢ to ¢ 4+ § and dividing by §”, we thus obtain

E(A1 (DAt +8) [ E.500) =EA1 (1) EAy()e™"20 + JEAN%%H —e)nE By,

and hence, denoting A; := lim;, o, A;(¢) fori =1, 2,

& 1 S
EAOA+D) = 3 (EAOA0e ™ +EA0 -1 - e mEB) O

n=0

efvé

=EAOADe ™ + (1 —eHEANEA,
= EA](I‘)EAZ + €7r25(IEA1(t)A2(Z‘) —EAI(I)EAz),

where we made use of E A; = v E By; /r;. It follows that

Cov(A1(1), Aot +8)) = EA () A2t +8) —EA () E Ax(t + )
=EA (DA™ + (1 —eHEA ) E A,
—EAO(EAx(0)e™ + (1 —e ) E Ay),

where the equality EAx(t 4+ 8) = EA(t)e ™ + (1 — e %) E A, is used,
which can be directly checked using the expressions for the mean in Eq. (2). This
proves the first equality in Eq. (19). The proof of the second equality follows from
Cov(A1(t), Aa()) = EA1(t)A2(t) — E A1(t) E A (), in which

N(1) N()
EAIOA20) =B | | Y Bue 1 | [ 37 Bjpe2700
i=1 j=1

00 ()" n o n
n=0 ’

i=1 j=I

M

Ht t
e —(v ') (E E(BIIBU)/ e~ 1) =) 4,
0 n: t 0

3
Il
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D [t '
—HEB“EBlzn(n—z)/ efrl(tf")du/ e 2= dv)
t 0 0

_VEBEBp(l—e M) (1 —e ) N vE By B2

(1 _ ef(r1+r2)t)
rir ry+nr '

and E A; (r), fori = 1, 2, is given in Eq. (2).
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